Advanced computational techniques including transition path sampling and free energy calculations are combined synergistically to reveal the activation mechanism at unprecedented resolution for a small signaling protein, chemotaxis protein Y. In the conventional "Y-T coupling" model for response regulators, phosphorylation induces the displacement of the conserved Thr87 residue through hydrogen-bond formation, which in turn makes it sterically possible for Tyr106 to isomerize from a solvent exposed configuration to a buried rotameric state. More than 160 unbiased activation trajectories show, however, that the rotation of Tyr106 does not rely on the displacement of Thr87 per se. Free energy calculations reveal that the Tyr106 rotation is a low-barrier process in the absence of the Thr87-phosphate hydrogen bond although the rotation is stabilized by the formation of this interaction. The simulations also find that structural change in the β4 − α4 loop does not gate the Tyr106 rotation as suggested previously; rather, the rotation of Tyr106 stabilizes the activated configuration of this loop. The computational strategy used and mechanistic insights obtained have impact on the study of signaling proteins and allosteric systems in general.
I. INTRODUCTION
Signaling proteins are often activated to perform their biological function through a localized event such as phosphorylation and ligand (ion) binding.
1 Understanding how such local modifications lead to striking transitions in the structure and therefore activity of signaling proteins is evidently of great value from both fundamental and biomedical perspectives. Due to the intrinsic dynamical nature of the process, a microscopic description of signaling protein activation with structural and energetic details has been difficult to obtain. [2] [3] [4] For example, recent NMR studies 5 of small signaling proteins in two-component systems suggested that the structural motifs to be activated have a small but non-negligible population in the active conformation prior to phosphorylation; the role of phosphorylation is to shift this population to become the dominant one rather than inducing new conformations. Such a "population shift" framework, 2 which has features of the MWC model for allostery [6] [7] [8] [9] , emphasizes the dynamical nature of signaling proteins (and allosteric systems in general) and provides a rather different picture from the "push and pull" type of description as characterized by the stereochemical model for hemoglobin. 10 To reveal the actual mechanism for the shifts in population in structural and energetic terms, atomistic simulations 11 are needed to complement experimental studies. Indeed, as pointed out by Kern and Zuiderweg, 2 "Regretfully,
experimental evidence showing the intermediates through which an allosteric protein travels has not been forthcoming to our knowledge· · ·longer-term unrestrained MD simulations will,
in the near future, become feasible for the modeling of the pathways." As they commented, due to the long time-scale (> µs − ms) of activation processes, most previous simulation studies had to use artificially accelerated molecular simulations [12] [13] [14] and very few studies 15, 16 characterized the energetics of the processes involved.
To illustrate that modern computational techniques can indeed start to help reveal unbiased activation pathway of signaling proteins and provide new mechanistic insights, we study a small but representative signaling protein, the E. Coli. chemotaxis Y protein (CheY).
CheY is a 129 residue prototypical response regulator in two-component signal transduction systems. 17 It is activatied through phosphorylation and the most important conformational change in CheY upon activation is the rotation of the Tyr106 sidechain from a solvent exposed orientation to a fully buried state (Fig.1 ). Tyr106 is separated from the phosphorylation site of Asp57 by nearly 10Å and between them is Thr87. Since Thr87 is highly conserved among response regulators in two-component systems, the conventional description for CheY activation is the "Y-T coupling" model: 18 phosphorylation of Asp57 displaces Thr87 due to a hydrogen-bonding interaction, which in turn allows the rotation of Tyr106.
Since partial activity has been observed for the wild type CheY 19 and the T87A mutant 20 in the absence and presence of phosphorylation, respectively, the "Y-T coupling" model has been questioned. In particular, since the β4-α4 loop (Ala 88 to Lys 91) also undergoes a major displacement upon activation, it has been speculated 14,21 that this loop in fact gates the rotation of Tyr106 and the role of phosphorylation and Thr87 is to select specific loop configuration, which is reminiscent of the "population shift" model. Due to the presence of a significant energy barrier for Tyr106 rotation, artificial bias had to be used in the simulations 14 and therefore the results were instructive but inconclusive.
Specifically, we use transition path sampling [22] [23] [24] to harvest more than 160 unbiased activation trajectories to reveal the activation mechanism of CheY. Although TPS has been successfully applied to obtain reactive trajectories between stable basins for many systems of varying degrees of complexity, 16, [22] [23] [24] it is difficult to reach conclusive mechanistic statements for biomolecular systems based on hundreds of reactive trajectories. Accordingly, we supplement the TPS analysis with free energy simulations for several dimensions identified as important by the TPS results. Combined together, these results help clarify the activation mechanism of CheY as a prototypical signaling protein with unprecedented resolution.
II. RESULTS

A. Transition Path Sampling
The rotation of Tyr106 sidechain is the most significant conformational change upon activation and regarded to correlate with CheY activity. 25 In TPS, therefore, the sidechain dihedral angle, χ, of Tyr106 is selected as the order parameter that characterizes the two basins associated with the activation process. The length of the transition trajectories is set to ∼ 25 ps, which is determined as sufficiently long based on the analysis of τ mol (see (Fig.2d ).
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To collectively analyze the behavior of the system during the transition, we project snapshots from all harvested transition paths to the 2-D plane of the χ angle and several variables noted in our previous simulation study. 14 These variables include the position of Ala 90
( Fig.3a) , which may sterically gates the rotation of Tyr106, two variables that characterize the configuration of the β4-α4 loop (Fig.3b,c) , and the width of the "doorway" towards the buried site under the β4-α4 loop (Fig.3d) , which is formed by Ile 95 and Val 108. All these variables show bi-modal distribution along the χ angle, which again supports the use of χ as the order parameter. As shown in Fig.3a , Ala 90 systematically deviates further from the inactive position as the Tyr106 rotates towards the buried site, which is easily explained by the observation that the inactive position of Ala 90 sterically hinders the Tyr106 rotation.
Systematic variations in the β4-α4 loop configuration are also transparent. As shown in and Val 108 as identified in the previous biased MD simulations, 14 , it's interesting that the width of the "door" in fact tends to decrease as Tyr106 rotates in (Fig.3d) , such that the van der Waals interactions between these residues and Tyr106 increases (Fig.3e) . Therefore, unlike the proposal based on the biased MD simulations, 14 the function of these "doorway"
residues is to stabilize the buried conformation of Tyr106 rather than gating its rotation; this is because the average width of the "doorway" is 7.5Å, which does not limit the rotation of Tyr106. Finally, as shown in Fig.3f , the hydrogen-bond between Asp57-phosphate and with the current notation, is the active state with all key structural motifs adopting the active configuration. According to Fig.4a,b , the activation of the β4-α4 loop is energetically very unfavorable (> 9.0 kcal/mol uphill) and therefore has to occur after Tyr106 rotation and formation of the Thr87-phospate hydrogen-bond. The latter two events are thermodynamically coupled (Fig.4a,b and 4d ) but, kinetically, either can proceed first due to the similar barriers (4.8 vs.7.0 kcal/mol).
In the current simulations, even following the Try106 rotation and Thr87-phosphate hydrogen-bond formation, a largely inactive configuration (∆RMSD ∼0) of the β4-α4 loop is still preferred energetically over the fully active configuration. In other words, the most active-like structure identified in the simulations (I In this study, TPS and free energy simulations are combined synergistically to probe the activation mechanism of a prototypical signaling protein at the atomic resolution, which has been difficult to achieve with experiments.
2 By themselves, a limited number of unbiased transition trajectories are not sufficient for reaching conclusive statements regarding the activation mechanism. However, even a modest number (hundreds) of unbiased activation trajectories are valuable for revealing genuinely relevant degrees of freedom during the transition and for generating configurations in the barrier region. These information can be effectively incorporated into the subsequent free energy simulations, which explicitly address the energetic coupling between different local structural changes and the likely sequences of events.
A. "Y-T coupling" vs. "population shift"
As stated in Introduction, there are two competing models for the activation of CheY and other response regulators in two-component systems upon phosphorylation: (i). the traditional "Y-T coupling" model, which assumes that the displacement of Thr87 due to hydrogen-bond formation with the phosphoryl group proceeds the Tyr106 rotation; (ii).
the "population shift" model, which argues that the Tyr106 rotation may occur prior to the Thr87 displacement (or even phosphorylation) and the role of phosphorylation (and hydrogen-bonding with Thr87) is to shift the population of Tyr106 sidechain rotamers towards the active (buried) state. Our TPS results clearly show that Tyr 106 rotation may occur independent of the Thr87-phosphate hydrogen-bond formation; this is in agreement with the observation of the "meta-active" CheY x-ray structure in which the Tyr106 adopts the buried conformer without any major displacement of Thr87 or phosphorylation. 21 Free energy results further confirm that Tyr106 rotation in the absence of the Thr87-phosphate hydrogen-bond is at least as kinetically competitive as a pathway in which the hydrogen-bond forms first. Therefore, our results clearly argue against the tradition "Y-T" coupling scheme in its most strict sense. The results are consistent with the "population shift" description because the Tyr106 rotation is marginally unfavorable in energy (∼2.1 kcal/mol in Fig.4c) without the Thr87-phosphate hydrogen-bond and becomes more favorable (∼5.2 kcal/mol in Fig.5 according to the thermodynamic cycle in the scheme) with that hydrogen-bond formed.
B. The role of the β4-α4 loop
Our previous biased MD simulations 14 and the x-ray study that revealed the "meta- hydrogen-bond formation are completed (Fig. 4b) , and it is possible that the fully active configuration of this loop is only highly populated in the presence of the FliM peptide.
C. General implications to signaling protein activation and allostery
Although the current work focuses on a small signaling protein with relatively localized structural transitions, the results and observations have implications to the analysis of signaling protein activation and allosteric transition in general.
First, from the technical perspective, this study clearly demonstrates the advantages of combining TPS and free energy simulations over the biased MD approach or structural studies alone. Without concrete energetic information, even a collection of biased MD trajectories or a set of x-ray structures may lead to incorrect conclusion about the importance of specific structural motifs and the causal relationship between processes. For example, our previous biased MD simulations 14 and a structural study 21 suggested that the β4 − α4 loop and the "doorway residues" (Ile 95, Val 108) play the role of gating Tyr106 rotation. This study, by contrast, finds that the "doorway residues" are unlikely crucial for the Tyr106 rotation and the β4 − α4 loop is, in fact, activated by the Tyr106 rotation. Although such problem with the interpretation of biased MD results is often cautioned in the literature, [12] [13] [14] this work has provided a clear illustration. The combination of TPS and free energy simulations provides a powerful alternative that should find value in the study of many allosteric systems including signaling proteins.
The detailed mechanistic discussion of CheY activation also reinforces the point emphasized by the "population shift" model of allostery 2-4 that the relevant structural transitions do not have to occur in a highly ordered fashion, propagating from the activation (e.g., phosphorylation) site towards the response site, as assumed in many historical model of allostery. 10 In other words, energetic coupling between different transitions doesn't necessarily imply any specific sequence of events, as exemplified in CheY by the relationship between the Tyr106 rotation and the Thr87-phosphate hydrogen-bond formation. Since biomolecules are highly dynamical systems, 28 local structural transitions may occur in different orders and the completion of one transition can facilitate other transitions through energetic couplings.
For some transitions, such as the β4 − α4 loop displacement and Tyr106 rotation in CheY, a definite causal relationship indeed exists but difficult to unravel based on experiments alone or biased simulations. In this regard, we emphasize that the "population shift" description, which is essentially a modern version of the MWC model, 6 does not, by itself, provide any mechanistic information regarding how different transitions are energetically coupled and through what causal relations. Therefore, revealing how population of the active configuration at the response site is shifted by events at the activation site is the major challenge and a key step towards developing new strategies that manipulate the function of signaling proteins and other allosteric systems. In this regard, although unbiased simulations for very large scale structural transitions remain challenging, advanced computational analysis can already complement experimental studies by bringing physical insights 11 regarding the energetic and dynamic characteristics 29 of these system at multiple scales. [14] [15] [16] 30, 31 With further improved computational hardwares and techniques, 32-34 molecular simulations will be an indispensable tool for the analysis of diverse signaling proteins and other "tunable"
biomolecules.
IV. MATERIALS AND METHODS
A. Simulation Setup
Two crystal structures (PDB code 1JBE 21 and 1F4V For each window, the restraining potential w j on a reaction coordinate D j (∆RM SD, χ or D hb ) is given as:
where D j,min specifies the position of the minimum of the umbrella potential in a specific window. The reaction coordinate ∆RM SD is defined as the difference between the heavyatom-RMSD values for the β4-α4 loop in an instantaneous structure (X t ) relative to the two reference structures (X active and X inactive ),
The force constant K RM SD , K D hb , K χ is gradually reduced from 1000 kcal/(mol·Å 2 ), 500 kcal/(mol·Å 2 ), 1000 kcal/(mol·rad 2 ), to 50 kcal/(mol·Å 2 ), 25 kcal/(mol·Å 2 ), 50 kcal/(mol·rad 2 ) in the 100 ps equilibration simulation for each window and then kept fixed for another 500 ps (Fig.4a-4c ) or 1 ns (Fig.4d) of production simulation. The reaction coordinate values from the last 300 ps (Fig.4-4c 
